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INTRODUCTION
Oxidative stress is caused by an imbalance between the production of reactive oxygen species (ROS) and antioxidative biological systems. Essentially, most ROS are produced as a byproduct of many physiological responses, such as immune response and cell signaling, and are indispensable for living organisms. 1) Furthermore, excessive oxidative stresses attack a wide variety of important cellular molecules, including proteins, lipids, and DNA, resulting in damage that compromises cell integrity and function. 2, 3) Therefore, oxidative stress may cause or at least contribute to a variety of pathologies, life-style related diseases, and cancers, as well as to aging in general. 4) It has been shown that the product of the standard metabolic rate and the maximum lifespan is roughly constant in various animal species. 5) This means that animals with lower standard metabolic rates generally live for longer periods than animals with higher metabolic rates. 6) This concept, called the lifespan energy potential, indicates that the metabolic rate is closely related to aging. It also suggests that there may be a difference between the oxygen metabolism ability of human cells and rodent cells. If so, such a difference in oxygen metabolism could help account for the difference in cellular lifespan, or cell transformation sensitivity between human cells and rodent cells. However, the difference in oxygen sensitivity of the cells has been poorly understood.
Accumulation of oxidative DNA damage is also a cause of cellular senescence. Most stresses that enhance DNA damage or ROS production contribute to an acceleration of senescence, 7) in addition to affecting the cellular replicative lifespan. It has been reported that high oxygen tension shortens the replicative lifespan of cultured human cells, 8, 9) and that low oxygen tension extends the replicative lifespan. 8, 10, 11) These reports suggest that ROS play a role in determining the cellular replicative lifespan. As mentioned above, the relationship between oxidative stress and senescence is one of the optimum phenomena to understand the difference of the oxygen sensitivity.
Rodent cells, especially mouse cells, are used widely in the study of replicative senescence, despite their notable differences from human cells. 12, 13) Rodent cells spontaneously overcome replicative senescence, whereas human fibroblasts rarely do so. 13, 14) A typical characteristic of cancer cells is that they do not undergo senescence. Therefore, senescence is thought to suppress cancer. 15) Hence, elucidation of the different sensitivities to senescence in human and rodent cells could contribute to our understanding of the mechanism of carcinogenesis.
In the present report, we compared the responses to different oxygen conditions in normal human (HE), mouse (ME) and Syrian hamster (SHE) embryonic cells. The results showed that there was a critical difference in the response to oxygen stress between human and rodent (ME and SHE) cells, and this may be a cause of the difference in sensitivity to malignant transformation between human cells and rodent cells.
MATERIALS AND METHODS

Cells and culture conditions
Mouse embryonic fibroblast (ME) and Syrian hamster embryonic fibroblast (SHE) cells were obtained from 5-10 embryos of a C57BL mouse and a Syrian hamster, respectively, at day 13 of gestation. 13) Cells of the human embryo fibroblast; HE23 (HE) were obtained from a 7-to 8-weekold human embryo. 13, 16, 17) Human embryo at 7-8 weeks of gestation and rodent embryo at 13 days of gestation are in almost the same developmental stage. Actually, body portion of embryos were minced and trypsinized in order to make a single cell suspension, and cells were stored in liquid nitrogen at a density of 1 × 10 6 cells per ampule. 17) The cells were cultured in Eagle's Minimum Essential Medium (MEM) supplemented with 10% fetal bovine serum at 37°C in a humidified atmosphere with 5% CO2. Cells were cultured under three different oxygen tensions, two of which constituted hypoxic oxygen conditions (0.5 and 2%) and one of which was an atmospheric oxygen condition (20%).
A total of 1 × 10 6 cells from cultures under different oxygen tensions were seeded into T-75 culture flasks (75 cm 2 ) and subcultured at every 3-4 days or at approximately 70% confluence to maintain exponentially growing cells. All procedures of subculture were performed under 20% oxygen atmosphere. The cell number was counted and the population-doubling level (PDL) was calculated using the following equations: n (growth rate) = log (Nt/N0)/log2 PDL = Σn where Nt and N0 represent the number of collected cells at the cell transfer and the number of seeded cells, respectively, and n represents the number of population doublings during a passage. HE cells were cultured until the growth rate (n) was less than 0.2 per passage.
The Animal Research Committee of the Research Reactor Institute of Kyoto University approved this experiment.
Assay of the anchorage-independent growth ability of cells
Anchorage-independent growth ability of cells is regarded as one of the phenotypes of cell transformation.
18) The assay for anchorage independence was performed as described previously. 18, 19) Briefly, cells were trypsinized, suspended in 1.5% methylcellulose (Sigma-Aldrich, St. Louis, MO) -MEM medium containing 10% fetal bovine serum, and seeded on top of a 0.33% agar (Wako Pure Chemical Industries, Ltd., Osaka, Japan) layer at 2 × 10 5 cells per 60-mm tissue culture dish (Becton Dickinson and Company, Franklin Lakes, NJ). Five dishes for each sample (10 6 /sample) were prepared and incubated in a CO2 incubator, and supplemented every 2 weeks with an additional 1 ml of 1.5% methylcellulose-MEM medium. After 4 weeks, colonies bigger than 0.1 mm in diameter were designated positive.
Measurement of intracellular oxidative stress
The presence of intracellular reactive oxygen intermediates were measured based on the ability of cells to oxidize fluorogenic dyes to their corresponding fluorescent analogues. HE, ME, and SHE cells were cultured for three days, rinsed twice with PBS (+) , then incubated with PBS (+) containing 5 μM 2', 7'-dichlorofluorescin diacetate (H2DCFDA; Molecular Probes, Eugene, OR) for 30 min at 37°C. [20] [21] [22] [23] The cells were harvested and subjected to fluorescence measurement using flow cytometry, where at least 10,000 cells were assayed in each condition. The fluorescence intensity of 2', 7'-dichlorodihydrofluorescein was detected by FACScan (Becton Dickinson and Company) and analyzed by FlowJo software (Tomy Digital Biology, Tokyo, Japan). In FACScan analysis, observed fluorescent intensity changed in difference of current, voltage and/or cellular size etc. Therefore, fluorescent intensity of rodent cells was always smaller than that of human cells shown in Fig. 2 . So, the intracellular oxidative level was shown as the relative value against the value of cells at early passage (passage 0-5) cultured in 20% oxygen tension and was compared among cells cultured in various conditions. All procedures after cell harvesting for flow cytometry analysis were performed under 20% oxygen atmosphere.
Measurement of mitochondria number and function
To determine the relative quantity of mitochondria, cells were incubated with acridine orange 10-nonyl bromide (NAO; Molecular Probes, San Diego, CA), which provides a fluorescent signal proportional to mitochondrial number. [24] [25] [26] The functionality of the mitochondrial organelle was probed using 5, 5', 6, 6'-tetrachloro-1, 1', 3, 3'-tetraethyl-benzim- 27) JC-1 is a cationic carbocyanine dye that appears as a green fluorescent monomer at low concentration (i.e., in cells with low mitochondrial function or membrane potential). In contrast, in cells with normal mitochondrial function, membrane potential-driven accumulation of these dyes resulted in the formation of yellowish-red fluorescent J-aggregates. Cells were cultured for three days, rinsed twice with PBS (+) , and then incubated in PBS (+) containing 5 μM NAO and 5 μM JC-1 for 30 min at 37°C. After dye incubation, cells were immediately harvested and subjected to fluorescence measurement using flow cytometry, with at least 10,000 cells being assayed in each condition. All procedures after cell harvesting for flow cytometry analysis were performed under 20% oxygen atmosphere.
X-irradiation and radiosensitivity assay
Irradiation was performed using an X-ray generator (M-150 WE; SOFTEX, Tokyo, Japan) operating at 150 kV and 5 mA with a 0.1 mm copper filter. Exponentially growing cells were irradiated with X-rays at a rate of 0.492 Gy/min under 20% oxygen condition, and their survival was assessed by colony formation.
28) The cells were irradiated with X-rays, seeded into 100-mm dishes and then incubated for 14 days. Colonies containing more than 50 cells were scored as survivors. Procedures of irradiation were performed under 20% oxygen atmosphere.
Micronuclei assay
Exponentially growing cells in T-25 culture flasks (25 cm 2 ) were irradiated with X-rays. Immediately, after irradiation, cells were treated with 2 μg /ml cytochalasin B for 24 hr. 29) Cells were then treated with hypotonic KCl (0.075 M) for 20 min, and fixed with methanol-acetic acid (5:1) solution. After centrifugation at 1,200 rpm for 5 min, cells were resuspended with methanol-acetic acid (5:1) solution. Cells were then dropped onto slides and stained with 5% Giemsa for 10 min. Micronuclei per 1000 bi-nucleated cells were counted. When human cells exceeded passage number 25, growth ability decreased sharply, and we could not done micronuclei measurement assay.
Statistical analysis
The statistical analysis in the present study was performed using Student's t-test.
RESULTS
Cumulative growth curves of HE, ME, and SHE cells
The replicative lifespans of HE, ME, and SHE cells are shown in Fig. 1 . Cumulative PDLs of HE cells at 20%, 2% and 0.5% oxygen tensions were 60.3 (± 0.524), 64.4 (± 4.87) and 68.0 (± 2.82), respectively. Under each of these oxygen conditions, some of the HE cells showed a senescence-like morphology and expressed acidic (pH 6.0) β-galactosidase, which is a marker of senescence (data not shown). Under the 0.5% and 2% hypoxic conditions, the lifespans of the cells were extended by 6.78% and 12.7%, respectively.
We next compared the phenotypes of senescent rodent (ME and SHE) and human (HE) fibroblasts. ME cells cul- tured under 20% oxygen tension grew well for approximately 1-2 weeks (4-6 population doublings) before their proliferation began to decline ( Fig. 1(D) ; a part of Fig. 1 (B) ). After 4-5 weeks (8-10 population doublings), their growth rate gradually increased and recovered to high rates, resulting in the disappearance of the cells with senescence-like morphology. We concluded that the cells became immortal when the growth rate was restored after decreasing once, in agreement with the findings reported previously. 13) On the other hand, ME cells cultured under hypoxic conditions grew more slowly, but they maintained their growth ability and immortalized. SHE cells also immortalized without signs of senescence under all the oxygen conditions. Although the reason for this result was not clear, it likely indicates that cells from different species have different oxygen sensitivities.
Anchorage-independent growth ability of HE, ME, and SHE cells cultured at different oxygen tensions
Anchorage independency is regarded as one of the phenotypes of cell transformation. Therefore we examined anchorage-independent growth ability of HE, ME, and SHE cells that were cultured at various oxygen tensions. The results are summarized in Table 1 . HE cells did not show anchorageindependent growth ability before having acquired an unlimited lifespan under any of the oxygen tensions. However, at 2% and 20% culture oxygen tensions, both ME and SHE cells obtained anchorage-independent growth ability before passage 37 after having acquired an unlimited lifespan. At 0.5% culture oxygen tensions, both ME and SHE cells obtained anchorageindependent growth ability until passage 60 after having acquired an unlimited lifespan. These results suggest that excessive oxygen stress promotes cellular malignant transformation in ME and SHE cells but not in HE cells.
Intracellular levels of oxidative stress
To determine the level of intracellular oxidative stress, the ability of HE, ME, and SHE cells to oxidize fluorogenic dyes to corresponding fluorescent analogues was measured using flow cytometry. The characteristic histograms shown in Fig. 2 represent the levels of intracellular oxidative stress of HE cells at passage 28, ME cells at passage 29, and SHE cells at passage 30 under 0.5%, 2%, and 20% oxygen ten- This tendency was particularly pronounced with ME cells. Figure 3 shows the differences in intracellular oxidative stress among the three different cell lines. For each cell line, the intracellular oxidative stress was expressed relative to the value of the early passage (passage 0-5) of cells cultured at 20% O2 tension, which was assumed to be 1. We found that the increase of the intracellular oxidative stresses with increasing passage was accelerated in HE cells, but no significant difference of intracellular oxidative stresses with oxygen conditions were observed. On the other hand, intracellular oxidative stress of rodent cells cultured under hypoxic conditions was significantly enhanced with increasing culture period under hypoxic conditions. The intracellular oxidative stress level in ME cells declined after the cells were immortalized (after passage 6-15).
The intracellular oxidative stresses of rodent cells cultured under hypoxic conditions over passage 26 were about four times higher than that of cells cultured at 20% oxygen tension. These results suggest that the production of free radicals was enhanced in rodent cells cultured under hypoxic conditions, or that the ability to defend against free radicals was insufficient.
Evaluation of mitochondria number
The mitochondria number per cell was measured by NAO staining. The mitochondria numbers of the three different cell lines cultured under different oxygen tensions are shown in Fig. 4 . In HE cells cultured under hypoxic conditions, the The intracellular oxidative level is expressed relative to the value of the early passage (passage 0-5) of cells cultured at 20% O2 tension, which was assumed to be 1. The data are calculated from at least four independent experiments and represented as the mean ± S.E. A significant difference was observed in 20% O2 vs. hypoxic (2 and 0.5% O2) cultured cells (*p < 0.05, **p < 0.01). See Fig. 1 to convert passage numbers to PDL. "0-5 passage" is the period of before immortalization in ME cells, "6-15 passage" is the period soon after immortalization in 20% oxygen cultured ME cells. "16-25 passage" is the period of exponentially growth phase in all cells, and "> 25 passage" is the period of senescence phase in HE cells.
Fig. 4. Evaluation of mitochondrial number using NAO. Changes of the mitochondrial number in HE cells (A), ME cells (B)
, and SHE cells (C) cultured at 20% (■), 2% ( ), and 0.5% (○) oxygen tensions as a function of passage in cell culture. The data are calculated from at least three independent experiments and represented as the mean ± S.E. A significant difference was observed in 20% O2 vs. hypoxic (2 and 0.5% O2) cultured cells (*p < 0.05). See Fig. 1 to convert passage numbers to PDL. mitochondria number tended to decrease compared with 20% oxygen tension regardless of the culture period. On the other hand, an increase in the number of mitochondria was observed in rodent cells after long-term cultivation under hypoxic conditions.
Evaluation of mitochondrial function
Our next approach was to ascertain the changes of mitochondrial membrane potential by cell culturing under hypoxic condition. The mitochondrial membrane potential of each cell line was expressed relative to the value for cells cultured at 20% O 2 tension (Fig. 5) . The mitochondrial membrane potential (fluorescence intensity of JC-1) was lower in hypoxically cultured HE cells than in HE cells cultured at 20% oxygen tension. Although the mitochondrial membrane potential of ME cells cultured at 20% oxygen tension was high before their immortalization, it became low after the replicative senescence was overcome.
In ME cells, there was no difference in mitochondrial membrane potential after immortality at any of the oxygen concentrations.
In SHE cells, an increase in mitochondrial membrane potential with increasing passage number was observed under all oxygen conditions. This association was the most pronounced in SHE cells cultured at 0.5% oxygen tension. In SHE cells cultured under 2% oxygen condition, the change of mitochondrial membrane potential over the culture period was only slight, but was still associated with the number of passage.
Radiosensitivity assay
Cell survival after irradiation was determined for HE, ME, and SHE cells. The results are shown in Fig. 6 . HE and SHE cells showed similar survival curves, and there was no difference in cell survival among the different oxygen conditions tested. The radiation dose required to reduce cell sur- The potential of each cell line was expressed relative to the value of the early passage (passage 0-5) of cells cultured at 20% O2 tension, which assumed to be 1. The data are calculated from at least three independent experiments and represented as the mean ± S.E. A significant difference was observed in 20% O2 vs. hypoxic (2 and 0.5% O2) cultured cells (*p < 0.05, **p < 0.01). See Fig. 1 to convert passage numbers to PDL. Fig. 6 . Radiosensitivity. X-ray sensitivity of HE cells at passage 5-6 (A), ME cells at passage 14-15 (B), and SHE cells at passage 14-15 (C) cultured at 20% ( ■), 2% ( ), and 0.5% ( ○) oxygen tensions. ME cells cultured in 0.5% oxygen were found to be more resistant to radiation than those cultured in 2% and 20% oxygen. The data are calculated from at least six independent experiments and represented as the mean ± S.E. A significant difference was observed in 20% O2 vs. hypoxic (2 and 0.5% O2) cultured cells (*p < 0.05). See Fig. 1 to convert passage numbers to PDL. vival to 37% (D0) was approximately 2 Gy for HE and SHE cells. On the other hand, ME cells showed increased radioresistance when cultured under hypoxic conditions. Although ME cells cultured at 20% oxygen tension were found to be hypersensitive (D0 = 1 Gy) to radiation compared with HE and SHE cells, ME cells cultured at 0.5% oxygen tension were significantly resistant (D0 = 4 Gy) to X-ray irradiation.
Micronuclei assay
Micronuclei are a marker of chromosomal damage, genomic instability, and cancer risk and, as a result, acquired mutation and genetic susceptibility. The frequencies of micronuclei in HE, ME, and SHE cells cultured at 0.5%, 2%, and 20% oxygen tensions are shown in Fig. 7 . Data for cells passaged 0-5 times were pooled and designated "early" data, and those for cells passaged more than 25 times were considered "late" data. The frequency of micronuclei induction in ME cells was 1.83-6.05 times higher than HE and SHE cells under all oxygen tensions. For instance, micronuclei per 1000 binucleated at early passage HE cells and ME cells cultured under 20% oxygen tension were 14.6 (± 6.92) and 69.1 (± 32.8), respectively. Surprisingly, there were significant differences in the frequency of micronuclei between HE and ME cells under normal culture conditions. As shown in Fig. 8 , micronuclei inductions were observed after 1 Gyirradiation in HE, ME, and SHE cells, respectively. However, the frequency of X-ray-induced micronuclei (0.01-0.05/ Gy) was not significantly different among HE, ME and SHE cells cultured under all oxygen tension. Our results suggest that the differences in the defense against radicals achieved by conventional physiological actions among the different cells types were related with the propensity for micronuclei induction, rather than radiation.
DISCUSSION
We have shown in the present study that sensitivity to oxygen conditions was significantly different between human (HE) and rodent (ME, SHE) cells. This difference in sensitivity to oxygen might explain differences in proliferative ability, radiation sensitivity, aging speed and transformation sensitivity between human and rodent cells in vitro. We therefore examined whether there were any clear associations between sensitivity to oxygen and any of these other parameters in HE, ME, and SHE cell. As for the growth rate and the intracellular levels of oxidative stress, the growth rate and intracellular level of oxidative stress in HE cells were not significantly different under the different oxygen conditions. However, HE cells cultured under hypoxic conditions showed an extension of replicative lifespan, although they never became immortal under any of the oxygen conditions. It is well known that normal human diploid cells have a limited lifespan 30, 31) in vitro. The character of senescent human diploid cells is drastically different from that of their younger counterparts: they lose replicative potential, undergo irreversible cell cycle arrest, 32) show an enlarged and flat morphology, and express various senescence-associated markers, including senescence-associated β-galactosidase (SA-β-gal) activity detectable at pH 6. 33, 34) HE cells also showed these senescent phenotypes (data not shown) and finished their lifespan. It has been reported that oxygen tension in cell culture affects the replicative potential of human fibroblast cells. [8] [9] [10] [11] Generally, higher oxygen tension promotes cell growth, and lower oxygen tension inhibits cell growth. In the present study, we demonstrated that HE cells cultured under 0.5% and 2% oxygen conditions divided more than those under 20% oxygen. On the other hand, levels of mitochondrial activity decreased during hypoxia in HE cells. This suggests that hypoxia is a better condition for the decrement of ROS production in the mitochondria, but that ROS production remains sufficient to maintain cell division in HE cells. Meanwhile, the intracellular oxidative level became high with increasing passage in HE cells, suggesting that cells at higher passages accumulate the oxidative stress, result of enhancement of ROS production or insufficient defense to ROS. 35) ME cells decreased their proliferation potency at the early stage of cultivation under 20% oxygen tension, but they obtained unlimited lifespan at all oxygen tensions after all. Parrinello et al. 14) reported that ME cells cultured in 20% oxygen accumulated more DNA damage than those cultured in 3% oxygen. Our results showed that the intracellular oxidative level of ME cells were lowered after they were immortalized (Fig. 3B ). This may suggest that ME cells with a high intracellular oxidative level cultured under 20% oxygen became senescent and were then lost, and only cells with a low intracellular oxidative level survived. ME and SHE cells cultured under all oxygen conditions obtained anchorage-independent growth ability after having acquired an unlimited lifespan. The frequency of anchorageindependent colony formation became high in the cell population cultured at higher oxygen tension. The canonical interpretation of this finding was that hypoxia due to limiting oxygen levels decreases the generation of ROS. 36, 37) One mechanism of the process to explain replicative senescence is accumulation of oxidative damage to DNA, lipids, and proteins from free radicals. 38) This hypothesis is known as the free radical theory. Decrease of ROS diminished oxidative damage to bio-molecules, and it prolonged replicative senescence and extended the lifespan of cells.
However, we found that the cells under hypoxic (0.5% and 2% oxygen) conditions paradoxically showed increased levels of intracellular oxidative stress in rodent cells. Why do the levels rise and why rodent cells easily become immortal under hypoxic conditions? As one possibility, it is likely that rodent cells cultured at higher oxygen tensions produced more radical scavenger because of oxygen stress. Therefore, we examined cellular catalase and SOD activity. In fact, when cells were cultured at 20% oxygen tension, SOD activity was almost 2 times higher than that of cells cultured at 0.5% oxygen tension (data not shown). The catalase activity did not alter by a change of oxygen tension. As another possibility, we can suggest that paradoxical increase of ROS under hypoxic conditions in rodent cells might be cause of response reaction for reoxygenation. However, although all cells were treated with the same procedure, there were obviously different response between HE and rodent cells. This means that reoxygenation is not a main cause of increase of ROS under hypoxic conditions in rodent cells. There are two opposite results about effect of hypoxic condition on intracellular ROS level; one is that ROS level increase, 39, 40 ) the other is that ROS level decrease. 41) It is generally accepted that intracellular ROS levels change during hypoxia, however, this problem must be discussed more. Additionally, it is also likely that oxidative stress is generally necessary to immortalize cells, detail is not clear though.
As for oxidative stress production, we examined the mitochondria number and mitochondrial membrane potential. The number and potential of HE cells changed in direct correlation with the change in oxygen concentration. On the other hand, there were no relations between mitochondria number and mitochondrial membrane potential under hypoxic conditions, though the number and the potential were changed, in rodent cells. These results also suggest that the increase of intracellular oxidative stress in rodent cells cultured under hypoxic conditions may be caused by mitochondrial dysfunction. Although the mechanism of the relation between intracellular oxidative stress and immortalization was not elucidated in this study, it is likely that mitochondrial dysfunction contributes to the immortalization of rodent cells.
SHE cells under all the oxygen conditions escaped from irreversible growth arrest leading to immortalization. This result contradicts our earlier report 13) that SHE cells in the 10-day culture protocol (experience both an exponentially growing phase and a plateau phase) were immortalized, but not in the 3-day culture protocol (exponentially growing phase). This difference was caused by similarity between the culture protocol in this study and the 10-day culture protocol previously used, result of differed plating density and serum.
The frequency of micronuclei in non-irradiated ME cells was significantly greater than those in HE and SHE cells under all the oxygen conditions. This suggests that ME cells have a large quantity of oxygen radicals under normal culture conditions. This conflict with our result that under normal oxygen condition (20%), ME cells have less oxidative stress than SHE cells and HE cells (Fig. 2) . Surprisingly, the number of X-ray induced micronuclei was almost the same among HE, ME, and SHE cells. This also conflicts with result that oxygen effect concerning X-ray lethal sensibility appears in ME cells conspicuously. If DNA double-strand breaks are a cause of micronuclei generation, then the frequency of X-ray induced micronuclei should reflect the Xray survival rate. It is likely that there is other route of micronuclei production other than DNA damage. The most probably candidate is catastrophic mitosis due to the dysfunction of centrosome damaged by oxidative stress. Slane et al. 42) suggested that metabolic oxidative stress was causally linked to phenotypic changes associated with cancer cells. Our results suggest that the ability of ME cells to control the effects of extracellular oxygen was insufficient. Therefore, ME cells show increased lethal sensitivity to radiation and to glucose deprivation, and increase in genomic instability as assayed by micronuclei.
In conclusion, our findings demonstrated many differences in the processes of cell aging and transformation between HE and rodent cells during in vitro cultivation. To our knowledge, this is the first report to compare immortalization sensitivity and oxygen sensitivity in three different kinds of cells. We showed that HE and rodent cells differ markedly in their sensitivity to oxygen tensions and rodent cells react to change of oxygen tension than human cells sensitively. The reason why a human cell does not suffer large influence from an oxygen tension change is not clear yet. It is known that a cellular oxidation level rises with cell senescence, and it is a cause to stop cell growth. 20) Therefore, elevation of an oxidative level generally increased damage of important molecule, such as telomere, and promotes cellular immortalization and transformation. In human cells, replicative senescence is caused by telomere shortening, which occurs due to a lack of telomerase activity. 16) However, rodent cells continue having high telomerase activity and long telomere. 12, 13) Our primary results suggested that the telomerase activity was unaffected by change of oxygen tensions. The cell that the intracellular oxidation level increased must die. However, present results showed that rodent cells being in higher ROS level were immortalized easily, but human cells being in lower ROS level were not immortalized. These suggest that rodent cells tend to occur genetical alteration to avoid elevation of the intracellular oxidation level. Actually, the intracellular oxidation level in mouse cells becomes low after immortalization (Fig. 3) . Therefore, we suggest that superior ability of HE cells to metabolize oxygen or maintain homeostasis contributes to the major differences in the incidence of immortalization and the rate of aging between humans and rodents. Examination to be detailed about intervention to cellular immortalization and transformation of energy generating system is necessary in future.
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